
Journal of Scientific & Industrial Research 
Vol. 84, April 2025, pp. 445-455 
DOI: 10.56042/jsir.v84i04.8544 

Optimisation of Drilling Parameters of Sicp Reinforced Al-2024 Composite used 
in Aircraft Industry 

Ferit Ficici 

Department of Development and Research, Global Arge, Kocaeli 41400, Turkey 

Received 04 February 2024; revised 23 September 2024; accepted 10 March 2025 

In this research, the machinability characteristics of Al-2024 + SiC composite materials produced via the stir casting 
method were experimentally analyzed. The test samples included unreinforced composites and those with 5%, 10%, and 
15% SiC particle reinforcement. Microstructural examinations were conducted using optical and Scanning Electron 
Microscopes (SEM). Hardness measurements were taken using the Brinell scale. Machinability tests involved drilling on a 
3-axis CNC machine with both HSS and HSS + TiN drill bits, using three different feed rates and cutting speeds. The
unreinforced sample exhibited the lowest hardness, while the sample with 15% SiC reinforcement showed the highest
hardness. The HSS + TiN drill bit outperformed the HSS drill bit. Thrust force and torque values increased with higher feed
rates and cutting speeds. ANOVA statistical analysis indicated that the drill type (variable A) influenced thrust force by
58.36%, the composite type (variable D) by 31.25%, and cutting speed (variable C) by 7.64%. For torque, the composite
type (variable D) had a 55.94% influence, the drill type (variable A) 24.96%, and cutting speed (variable C) 13.26%. It was
also found that the interaction between variables A and B did not affect cutting forces.
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Introduction 
Aluminum Matrix Composite (AMC) with SiC 

particle reinforcement phase is formed by combining 
the beneficial properties of both materials. The load 
on the composite material formed is shared by the 
aluminum matrix and the SiC particle reinforcement 
phase. The interface bond strength formed between 
these two components plays an important role in load 
transmission. This interface bond strength determines 
the mechanical properties of the composite material. 
The interface bond strength depends on factors such 
as the manufacturing method, reinforcement phase-
type, shape, size, ratio and distribution, and physical 
and chemical compatibility between the matrix and 
the reinforcement phase.1 

Many methods are used in the production of AMC. 
These are stirred casting, powder metallurgy, squeeze 
casting, deposition technique, and electroplating. One 
of the most widely used of these techniques is stir 
casting. The particle reinforcement phase is added to 
the molten metal and the production is made. In this 
process, a melt is produced from the matrix material. 
The reinforcement phase is then added. The 
composite material is produced by mixing this 

mixture with the help of a stirrer and pouring it into 
pre-prepared molds.2 

Composite materials are used in aircraft construction 
over the years. Composite materials have become more 
attractive in the manufacture of structures where high 
performance is required, such as aircraft. Its use has 
gradually increased, especially in Boeing aircraft 
types. Composite materials have superior mechanical 
properties, such as higher hardness, fatigue, and 
corrosion resistance compared to metals.3,4  

Aluminum 2000 series alloys are the most important 
alloys used in structural applications such as airframes. 
These magnesium-containing alloys provide many 
advantages in their mechanical properties as a result of 
the precipitation of Al2Cu and Al2CuMg phases. 
Compared with other alloy series, they have higher 
strength, superior damage tolerance, and fatigue 
cracking resistance. In this series, 2024 alloy is one of 
the most well-known examples. 2024 aluminum alloy 
has been one of the alloys used in aircraft and 
automobile fuselage construction. Al-2024 alloy has 
mechanical properties such as moderate yield strength, 
very good resistance to fatigue crack growth, and 
fracture toughness.4 

Silicon carbide (SiC) is a compound containing 
silica and carbon particles. It has many properties, 
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especially high hardness, strength, low density, and 
good thermal conductivity. SiC particle reinforcement 
phases are widely used in the production of aluminum 
matrix composite materials.5,6

The aviation and automotive industries require 
millions of holes, especially for the riveted and bolted 
assembly. Therefore, the traditional drilling process is 
the most important machining process in these 
sectors. Especially these fasteners are exposed to 
constant load and vibration during the flight period. In 
addition, assembly holes are created manually.7,8 In 
the drilling process, the drill bit is subjected to high 
thrust force and temperature. Due to the presence of 
hard and abrasive reinforcement phases in composite 
materials, more cutting forces and temperature occurs 
on the drill during drilling compared to unreinforced 
aluminum.9,10 

Drilling factors such as feed rate and cutting speed, 
material factors such as reinforcement phase ratio, 
and external factors such as cutting tool type affect 
cutting forces. Therefore, drilling parameters and 
cutting tool types should be selected appropriately. 

Many studies have been carried out to investigate 
the effect of input parameters such as drilling feed 
rate, cutting speed and different drill bits on MMC 
components. Liu et al. proposed an energy-based 
mechanistic model to predict the cutting force 
in drilling of SiCp/Al composites, accurately 
considering the effect of abrasive particles and energy 
consumption with a margin of error of 6.55%.11 Zhu 
et al. utilized an improved BP neural network 
algorithm to accurately predict the drilling force of 
high-volume SiCp/Al composites, with experimental 
results confirming the model’s consistency across 
various cutting speeds and feed rates.12 Abbas et al. 
found that cryogenic treatment of drills significantly 
enhances the machinability of aluminum-silicon 
carbide (Al/SiC) composites by increasing drill 
hardness, reducing thrust force and vibration, and 
improving surface roughness.13 Ghalme and 
Karolczak aimed to optimize drilling parameters for 
Saffil fiber-reinforced Al MMC under MQL 
conditions, finding that a drill speed of 11 m/min 
and a feed rate of 0.05 mm/rev minimize surface 
roughness, roundness error, and feed force.14 Sharath 
et al. found that the Al7029/10% B4C-5% Gr hybrid 
composite, due to graphite’s lubricating properties, 
exhibited reduced thrust force, torque, and burr height 
compared to the Al7029/10% B4C composite, with 
carbide tools proving more effective than TiN-coated 
HSS drill bits for machining these composites.15 Umer 

et al. investigated the effects of reinforcement 
particle size and cutting parameters on machining 
performance of aluminum-based MMCs, finding that 
optimal conditions for minimizing surface roughness 
and tool-chip interface temperature involve moderate 
cutting speeds, low feed rates, and shallow cuts.16 The 
study by Yıldız and Sur optimized drilling parameters 
for aluminum-oxide-reinforced functionally graded 
aluminum composites, finding that feed rate 
significantly impacts thrust force and surface 
roughness, with the optimal conditions being a 140° 
point angle, 15° helix angle, and 0.075 mm/rev feed 
rate.17 Selvamani et al. studied the drilling of 
aluminum-based hybrid-reinforced metal matrix 
composites (HMMC) and found that feed rate 
significantly impacts thrust force and torque, with the 
performance evaluated based on tool abrasion and 
machining quantity.18 Xiang et al. developed and 
validated a mechanism-based diamond wear model 
for drilling high-volume fraction SiCp/Al6063 
composites, identifying dominant wear mechanisms 
and achieving accurate tool wear estimates through a 
combined abrasive-chemical subroutine in a 3D 
drilling FE model.19 Liu and colleagues examined the 
impact of particle properties on the mechanical 
properties of SiCp/Al composites and analyzed both 
conventional and advanced machining mechanisms, 
revealing that advanced machining techniques 
significantly improve processability and identifying 
future research areas.20 

As a result of the literature review, it was 
determined that the researches on the processability of 
SiC-reinforced Al2024 composite materials are few, 
and the processing methods observed in the literature 
require expertise as well as high installation costs. In 
this study, the process of machinability by drilling 
was preferred due to the most widely used perforated 
assembly process in the automotive and aerospace 
industry. Composite materials were produced using 
stir casting method. In addition, as another feature of 
this study, Taguchi and ANOVA statistical methods, 
which are simple, efficient and systematically 
powerful in terms of both quality and cost, were used 
to contribute to the industry and academia. Therefore, 
the aim of this study is to experimentally and 
statistically investigate the effect of internal 
parameters such as cutting speed and feed rate and 
external parameters such as cutting tool materials and 
weight ratio of reinforcement phase on cutting forces 
in the drilling process of pure Al 2024 and SiCp 
reinforced Al 2024 composite materials. 
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Experimental Details 

Materials 
In this study, Al-2024 alloy was preferred as a 

matrix for composite material production. Al-2024 
alloy series used in the automobile and aviation 
industry has many features e.g. lightness, high 
strength, high strength/weight ratio, good damage 
resistance, and fatigue strength. The chemical 
components and mechanical properties of Al-2024 
alloy used in this study are given in Table 1. 

Reinforcement Phase 
In this study, particle-shaped silicon carbide (SiC) 

is used as a reinforcement phase in composite 
material production. The particle sizes of these 
particles were measured with Microtrac S3500 brand 
device. The grain size analysis result indicates that the 
grain size varied between 1 µm and 100 µm, and the 
average grain size was determined as 20 µm.21 To 
have a stronger interface bond between the matrix 
material and the reinforcement phase in composite 
materials, the wetting property must be improved. 
Therefore, the oxidation process has been carried out 
on the surfaces of SiC particles. 

Composite Production Method 
In this study, the stir casting production method 

was used to produce SiC reinforced Al-2024 
composite materials. In this study, aluminum alloy 
melting was carried out in an induction furnace. This 
furnace has an aluminum alloy melting capacity of 
8 kg. A sufficient amount of Al-2024 alloy is placed 
in the furnace and the melting process is carried out 

by increasing it to 700°C. After melting, the liquid 
metal is degassed. When the temperature of the 
alloy is in the range of 630-640°C, 5%, 10%, and 
15% by volume of SiC particles are added to 
the alloy under argon atmosphere. While adding 
SiC particles, mixing is carried out with the help of a 
mechanical stirrer. Mixing was done at 900 rpm for 
5 minutes. The schematic of the stir casting 
production method applied in this study is shown in 
Fig. 1. 

Drilling Test 
In this study, the drilling process was used to 

examine the machinability behavior of SiC reinforced 
Al-2024 composite materials. For this purpose, 
experiments were carried out with a HAAS brand 
TM1 type CNC machine. CNC machine has 5.6 kW 
of power and a spindle speed of 4000 rpm. The 
experimental setup used in this study is illustrated in 
Fig. 2. Specifically, Fig. 2a presents a schematic 
picture of the experimental setup, while Fig. 2b shows 
the drill bits employed during the drilling process. 
Cutting fluid was used in the experiments. In the 
experiments, HSS and HSS+TiN coated drill bits 
were used. Three different feed rates (0.05, 0.10, and 
0.15 mm/rev) and cutting velocities (15, 20, and 
25 m/min) were tested to evaluate their performance 
under varying conditions. In this study, two different 
drill bits with a helix angle of 30° and a point angle of 
118°, which are the most commonly used in the 
industry in terms of processing cost, were preferred. 
As a result of the literature review, 10 mm drill bit 
diameter was preferred as it is one of the preferred 
drill bit diameters in the experiments and shows more 
resistance to hard and abrasive SiC particles. 

Table 1 — Chemical composition & Mechanical properties of 
Al-2024-T6 alloy 
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Ti 0.049
Zn 0.001
Cr 0.018
Fe 0.221
Mn 0.689
Si 0.077

Mg 1.527
Cu 4.581
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Yield Strength (MPa) 324 
Fracture Toughness, 

KIC (MPa-m1/2) 
37 

Elongation 21 Fig. 1 — Stir casting procedure 
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Experimental Design 
Taguchi Design is a design and optimisation 

methodology that focuses on optimising the durability 
and performance of developed products or processes. 
This method is often used in industrial production and 
engineering. This methodology enables the systematic 
testing of design factors and factor levels within a 
design of experiments. It is an experimental design in 
which many factors are evaluated simultaneously. 
These factors represent various parameters that affect 
product or process performance. The aim of Taguchi 
Design is to obtain a system that is more resistant 
to external factors that adversely affect system 
performance. 

Therefore, the focus is usually on optimising the 
average effect and Signal-to-Noise Ratio (SNR). SNR 
is used as a metric to measure system performance. It 
is a measurement that expresses the ratio of the 
amount of information represented by a signal (S) to 

the amount of noise (N) that distorts that signal. SNR 
is used to evaluate the quality of a signal and to 
indicate the level of unwanted noise in the signal. 
Another important use of SNR is in performance 
evaluation in experimental design and optimisation 
processes. For example, SNR used in Taguchi Design 
focuses on optimising factor levels to make the 
system more robust to external factors. In this case, 
SNR makes a measurement by combining the mean 
and variance of system performance and helps to 
determine optimal parameter settings. This use uses 
SNR to assess how close the system performance is to 
a desired aim.  

The L18 orthogonal array, an example of Taguchi 
Design, is a design of experiments that allows factors 
and factor levels to be tested in a systematic way. This 
array represents a matrix containing 18 different 
combinations and each combination contains certain 
levels of factors. It also has only one interaction. 
L18 is often used in industrial experiments and 
product/process design optimisation. In this study, 
Minitab 21 package programme was used for Taguchi 
and ANOVA analysis. The L18 orthogonal array used 
for this study is given in Table 2.  

Results and Discussion 

Composite Production results 
After the composite production process, the test 

samples were subjected to metallographic sanding and 
polishing for microstructure examinations. Nikon 
Eclipse L150 A model optical microscope was used Fig. 2 — (a) Drilling set-up, (b) drill bits used 

Table 2 — L18 orthogonal array 
Levels Thrust force (N) Torque (N.m) SNRThrust Force SNRTorque 

A B C D
1 1 1 1 7.06 0.78 −6.98 2.16
1 1 2 2 14.61 1.71 −23.29 −4.66
1 1 3 3 26.35 4.33 −28.42 −12.73
1 2 1 1 7.60 0.79 −17.62 2.05
1 2 2 2 16.12 1.98 −24.15 −5.93
1 2 3 3 28.15 4.42 −28.99 −12.91
1 3 1 2 13.97 1.65 −22.90 −4.35
1 3 2 3 24.32 4.32 −27.72 −12.71
1 3 3 1 12.05 1.50 −21.62 −3.52
2 1 1 3 7.13 1.34 −17.06 −2.54
2 1 2 1 4.03 0.72 −12.11 2.85
2 1 3 2 6.63 1.20 −16.43 −1.58
2 2 1 2 5.75 1.05 −15.19 −0.42
2 2 2 3 8.60 1.53 −18.69 −3.69
2 2 3 1 5.43 0.93 −14.70 0.63
2 3 1 3 7.57 1.47 −17.58 −3.35
2 3 2 1 5.40 0.87 −14.65 1.21
2 3 3 2 7.06 1.26 −16.98 −2.01
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for microstructure examinations of the prepared 
samples. The microstructure obtained from the 
optical microscope is shown in Fig. 3 where SiC 
reinforcement phases with hard and sharp corners are 
seen in black. When the SEM image of the 10% SiC 
particle reinforced Al2024 composite in Fig. 4 is 
utilised, superficial cracks are observed. In addition, it 
has been generally determined that it forms a smooth 
interface between the SiC particle and the Al-2024 
matrix alloy. In addition, small gaps were observed. 
Finally, it is assumed that the SiC particles may have 
been broken during mixing with a mechanical mixer. 
T6 heat treatment was applied to the test samples 
produced by the Stir casting production method.  

The hardness measurement results obtained at the 
end of the heat treatment process are given in Table 3. 
According to Table 3, the minimum hardness value 
was obtained in the Al-2024 matrix alloy and the 
maximum hardness value was obtained in the 
composite sample with a 15% SiC reinforcement 
phase. In addition, it was observed that the SiC 
reinforcement phases added to the Al-2024 matrix 

alloy had a positive effect on the hardness value of the 
composite material. This result was similar to the 
results in the literature.22–24 

Machinability Results 
Thrust force and torque results that occur during 

the drilling process are examined in terms of feed 
rate, cutting velocity, drill type, and material type. 
The thrust force variation with the feed rate at a 
cutting velocity of 20 m/min is depicted in Fig. 5. An 
examination of Fig. 5 reveals that thrust force 
increases as the feed rate rises for both types of drill 
bits. The lowest thrust force was observed at 
0.05 mm/rev and the highest thrust force at 0.15 
mm/rev. This can be explained in several ways. 
Firstly, the amount of material removed per 
revolution by the cutting tool and the effect of the 
reinforcement phase increase the thrust force with an 
increase in feed rate. Secondly, the increased feed rate 
increases the friction between the drill bit and the 
composite material. This causes an increase in the 

Fig. 3 — SiC particle structure distribution images in Al-2024 alloy:
(a) 200X, (b) 100X magnification optical microscope images 

Fig. 4 — SEM images of 10% SiC reinforced Al-2024 alloy 

Fig. 5 — Variation of thrust force with feed rate at 20 m/min 
cutting velocity using: (a) HSS+TiN, (b) HSS drills 

Table 3 — Hardness values of test materials 
Material Type Reinforcement Ratios  

(by volume) 
Average Brinell 
Hardness (HB) 

Al-2024 – T6 — 63 
Al-2024 – T6 % 5 SiC 82 
Al-2024 – T6 % 10 SiC 89 
Al-2024 – T6 % 15 SiC 95 
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Volume of Material Removed (MRR) and an 
excessive increase generates thrust force.25

The change in thrust force with increasing cutting 
velocity at 0.10 mm/rev is shown in Fig. 6. It is clear 
from this figure that the thrust force increased with 
increasing cutting velocity for both drill bits. During 
the drilling process, friction occurs between the drill 
bit and the composite workpiece. As the cutting speed 
increases, the heat of friction causes an increase in 
temperature at the interface. This temperature increase 
harms the drill bit. This negative effect can increase 
the deformation and/or wear of the drill bit. In this 
case, an increase in cutting forces can be seen. In 
addition, drilling length affects drill bit wear and can 
cause increased cutting forces. This phenomenon is 
similar to Lin and Chen's work.26 

In addition, high cutting speeds can increase the 
temperature of the composite material during the 
drilling process. This can lead to a change in the 
coefficient of thermal expansion of the composite. In 
particular, SiC has a different coefficient of thermal 
expansion than aluminum. This thermal mismatch can 
affect the cutting forces. In this case, it can lead to the 
formation of voids in the composite material due to 
the displacement of the SiC particle or the formation 
of cracks in the matrix material. This can increase the 
cutting forces and lead to the formation of holes. 

Finally, high cutting speeds can also affect surface 
quality. The chips generated during drilling can 
become difficult to manage and it is also possible that 
the chips can damage the material surface.27

The change in torque with the increase of the feed 
rate at 20 m/min cutting velocity is shown in Fig. 7. 
According to Fig. 7, it was observed that thrust force 
increased with the increase in the feed rate for 
both HSS + TiN and HSS drill bits. At the drilling 
condition of 0.10 mm/rev, approximately 1.6 N torque 
was obtained in the HSS + TiN drill bit, while 
approximately 4 N was obtained in the HSS drill bit. 
The HSS + TiN drill bit has 150% less torque than the 
HSS drill bit.  

When the force graphs of the drill bits used in this 
study were analysed in terms of material, it was 
observed that TiN coated HSS drill bits performed 
better than uncoated HSS drill bits. This is due to the 
fact that TiN coating provides high hardness and 
wear resistance on the cutting tool. Due to the heat 
generated between the drill bit and the composite 
material during the drilling process, TiN coated HSS 
drill bits are thought to provide longer life and less 
wear of the cutting tool compared to HSS due to these 
properties. As a result, less torque is required when 
drilling SiC particle reinforced Al+2024 composite 
material.28  

The change in torque value for both drill bits with 
an increase in cutting velocity at a feed rate of 0.10 
mm/rev is shown in Fig. 8. From this figure it is 

Fig. 6 — Variation of thrust force with cutting velocity at 0.10
mm/rev feed rate using: (a) HSS+TiN (b) HSS drills 

Fig. 7 — Variation of torque with feed rate at 20 m/min cutting
velocity using: (a) HSS+TiN, (b) HSS drills 
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observed that torque value increases with the increase 
of cutting velocity in both drill bits. This situation was 
similar to other studies in the literature.29–31 

Analysis of Figs. 5–8 reveals that an increase in 
SiC particles leads to a rise in both thrust force and 
torque. This situation can be explained in many ways.  
SiC particles provide high hardness and wear resistance 
in the metal matrix. However, this hardness causes a 
higher load on the tool during the drilling process. High 
torque is required to overcome these high loads. 
Secondly, chip formation and cutting forces play an 
important role during drilling of MMC materials. 
Abrasive and hard SiC particles can make chip 
formation difficult and increase cutting forces. Lastly, in 
materials with higher SiC percentage, it may be 
necessary to use more durable and sharp tools. 
Therefore, these tools must have the appropriate cutting-
edge geometry to operate with higher torque.32 Liu et al. 
determined that in the dry drilling of SiCp/Al 
composites, the particle volume fraction (Pvf) 
significantly affects the cutting force, burr height, and 
surface roughness, and that the chip and burr structure at 
the hole exit changes as Pvf increases.33 

Statistical Analysis Results 
In Taguchi Design, the quality characteristic 

"Smaller is Better" usually refers to situations where 
the minimum value represents the desired state. In this 

case, the goal of quality improvement is to keep the 
value as low as possible. A typical performance 
measurement formula for the "Smaller is Better" 
quality characteristic is as follows: ௌே = ݃݋10݈− ଵ௡  (1) …    (ଶݕ∑)

where, n indicates the number of experiments and yi 
indicates the experimental data. The results in Table 2 
can be used to calculate the mean SNR for each of the 
levels in each variable. The average SNR plots 
corresponding to various values of variables A, B, C, 
and D for both thrust and torque are presented in Fig. 
9. The order of the selected variables' efficiency can
be determined from the value changes shown in this
figure. This indicates that variable A (the drill), will
have the most impact on the thrust force out of the
four variables examined in this study. The analysis of
Fig. 9a identifies A2B1C1D1 as the optimal test
parameter for minimizing thrust force, an observation
further supported by the surface map in Fig. 10a.
Similarly, Fig. 9b illustrates the average SNR plot for
torque across various values of variables A, B, C, and
D, confirming that A2B1C1D1 is also the ideal
parameter for achieving the lowest torque value. This
conclusion is further validated by the torque surface
map presented in Fig. 10b. The A	×	B interaction plot
for both thrust and torque is shown in Fig. 11a and b.

The ANOVA (Analysis of Variance) table is a 
table that summarizes the results of an ANOVA 
analysis. This table is used to evaluate differences 
between groups and determine whether they are 
statistically significant. FValue must be greater than 4 
for the variance to have a significant effect on the 
result.34 The ANOVA table for thrust and torque 
analyses is presented in Table 4. Accordingly, A, C, 
and D are variables that significantly affect both the 
thrust force and the torque. According to the ANOVA 
table obtained in Table 4 for thrust force, the most 
effective variable was variable A (Drill) with 58.36%, 
followed by variable D (Composite) with 31.25% and 
variable C (cutting velocity) with 7.64%. Similarly, it 
is observed from the ANOVA Table obtained for 
torque that the most effective variable is variable D 
(Composite) with 55.84%, followed by variable A 
(Drill) with 24.96% and variable C (cutting velocity) 
with 13.26%, respectively. It was also observed that 
the A×B interactions for both thrust and torque are 
very small and can be ignored. The ANOVA results 
were consistent with those obtained with the Taguchi 
L18 array based on the signal-to-noise ratio (Table 5). 

Fig. 8 — Variation of torque with cutting velocity at 0.10 mm/rev 
feed rate using: (a) HSS+TiN, (b) HSS drills 
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Regression analysis is a statistical analysis method 
used to understand the relationship between two or 
more variables and to evaluate how one variable 
affects the other. Basically, it tries to model the 
relationship between the dependent variable and one  
or more independent variables. Regression analysis is 
often used to predict the dependent variable or to 

understand the effects of controlling independent 
variables. The R2 coefficient for multiple linear 
regression is 0.8 to 1.(35) The mathematical equations 
obtained by regression analysis for thrust force and 
torque are given in Table 6. The mathematical 
equations allow you to calculate predicted thrust force 
and torque values for each test. 

Fig. 9 — Main effect plot of SN ratio data means on: (a) the thrust force, (b) the torque 

Fig. 10 — Surface map of: (a) the thrust force, (b) the torque 
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Conclusions 
This study successfully developed Al2024 

composites using the stir casting process, highlighting 
their potential in the aviation sector. The addition of 

SiC particles increased the material's hardness, while 
HSS+TiN-coated drill bits outperformed HSS bits in 
all performance tests. Higher cutting speeds and feed 
rates led to increased torque and thrust force. The 

Fig. 11 — Interaction plot for SN ratio of A×B data means of: (a) the thrust force, (b) the torque 

Table 4 — ANOVA for different parameters 
Source DF Adj SS Adj MS F-Value F-Table P(%) 

Thrust force 
A 1 259.141 259.141 271.62 11.26a 58.36 
B 2 4.518 2.259 2.37 1.02
C 2 33.914 16.957 17.77 8.65a 7.64
D 2 138.780 69.390 72.73 8.65a 31.25 

A*B 2 0.088 0.044 0.05 0.02
Error 8 7.632 0.954
Total 17 444.074

Torque 
A 1 106.110 106.110 45.40 11.26a 24.96
B 2 5.645 2.822 1.21 1.33
C 2 56.365 28.182 12.06 8.65a 13.26
D 2 237.402 118.701 50.79 8.65a 55.84

A*B 2 0.909 0.455 0.19 0.21
Error 8 18.696 2.337
Total 17 425.127

aConfidence level is 99% 

Table 5 — Response tables for thrust force and torque 
Thrust force Torque

Level A B C D  Level A B C D 
1 −3.52 −19.05 −17.89 −16.28 1 −58.45 −27.51 −10.76 0.90
2 −15.93 −19.89 −20.10 −19.82 2 −0.99 −33.80 −38.22 −31.60
3 −20.24 −21.19 −23.08 3 −41.21 −53.54 −79.88

Delta 7.59 1.19 3.30 6.80  Delta 48.56 13.70 42.77 88.85
Rank 1 4 3 2  Rank 2 4 3 1

Table 6 — The mathematical equations for the thrust force and torque 
Thrust Force (N) 

R2= 98.28% 
= −19.726 − 3.794*A1 + 3.794*A2 + 0.679*B1 − 0.163*B2 − 0.516*B3 + 1.837*C1

− 0.375*C2 − 1.462*C3 + 3.449*D1 − 0.098*D2 − 3.351*D3 − 0.053*A*B11

+ 0.099*A*B12 − 0.045*A*B13 + 0.053*A*B21 − 0.099*A*B22 + 0.045*A*B23

Torque (N.m) 
R2= 95.60% 

= −3.417 − 2.428*A1 + 2.428*A2 + 0.667*B1 + 0.037*B2 − 0.704*B3 + 2.341*C1

− 0.405*C2 − 1.936*C3 + 4.313*D1 + 0.258*D2 − 4.571*D3 + 0.101 A*B11

+ 0.210*A*B12 − 0.312*A*B13 − 0.101*A*B21 − 0.210*A*B22 + 0.312*A*B23
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Taguchi method effectively optimized drilling 
parameters, with A2B1C1D1 identified as the best 
combination for minimizing cutting forces. ANOVA 
revealed that drill type had the most significant 
impact on thrust force (58.36%), followed by 
composite type (31.25%) and cutting speed (7.64%). 
For torque, composite type influenced 55.94%, drill 
type 24.96%, and cutting speed 13.26%. The study's 
limitations include its specific material focus and 
controlled experimental settings. Future research 
could explore alternative reinforcements, advanced 
surface treatments, and extended parameter ranges  
to further enhance machinability and broaden 
application potential. 
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